B-RAF is mutated to a constitutively active form in 8% of human cancers including 50% of melanomas. In clinical trials, the RAF inhibitor, PLX4032 (vemurafenib), caused partial or complete responses in 48-81% of mutant B-RAF harboring melanoma patients. However, the average duration of response was 6-7 months before tumor regrowth, indicating the acquisition of resistance to PLX4032. To understand the mechanisms of resistance, we developed mutant B-RAF melanoma cells that displayed resistance to RAF inhibition through continuous culture with PLX4720 (the tool compound for PLX4032). Resistance was associated with a partial reactivation of extracellular signal-regulated kinase 1/2 (ERK1/2) signaling, recovery of G1/S cellcycle events, and suppression of the pro-apoptotic B-cell leukemia/lymphoma 2 (Bcl-2) homology domain 3 (BH3)-only proteins, Bcl-2-interacting mediator of cell death-extra large (Bim-EL) and Bcl-2 modifying factor (Bmf). Preventing ERK1/2 reactivation with MEK (mitogen-activated protein/extracellular signal-regulated kinase kinase) inhibitors blocked G1-S cell-cycle progression but failed to induce apoptosis or upregulate Bim-EL and Bmf. Treatment with the histone deacetylase (HDAC) inhibitor, suberoylanilide hydroxamic acid, led to de-repression of Bim-EL and enhanced cell death in the presence of PLX4720 or AZD6244 in resistant cells. These data indicate that acquired resistance to PLX4032/4720 likely involves ERK1/2 pathway reactivation as well as ERK1/2-independent silencing of BH3-only proteins. Furthermore, combined treatment of HDAC inhibitors and MEK inhibitors may contribute to overcoming PLX4032 resistance. Oncogene addiction refers to the dependence of tumor cells on the continued expression of an oncogene for the maintenance of malignant properties.
Oncogene addiction refers to the dependence of tumor cells on the continued expression of an oncogene for the maintenance of malignant properties. 1 It has gained increasing recognition in recent years and provides the rationale for targeted therapeutic strategies. Notable advances are the responses of chronic myelogenous leukemia patients with BCR-ABL (breakpoint cluster region-v-abl abelson murine leukemia viral oncogene homolog 1) translocations to imatinib, breast cancer patients with amplified human epidermal receptor 2 (HER2) to trastuzumab, and mutant epidermal growth factor receptor (EGFR)-harboring nonsmall cell lung carcinomas patients to erlotinib and gefitinib treatments. [2] [3] [4] A more recent example is the strategy to target mutations in the serine/threonine kinase B-RAF that occur in B50% of melanomas, 30% of thyroid carcinomas, and 14% of colorectal tumors. 5 A valine to glutamic acid substitution at codon 600 (V600E) accounts for over 90% of the mutations in B-RAF and activates B-RAF kinase activity toward the MEKextracellular signal-regulated kinase 1/2 (ERK1/2) cascade.
B-RAF
V600E and MEK (mitogen-activated protein/extracellular signal-regulated kinase kinase) activity are required for melanoma cell proliferation, invasion, and resistance to apoptosis in vitro, [6] [7] [8] [9] [10] [11] and tumor xenograft growth in immunocompromised mice. 8, 12 Furthermore, conditional melanocyte-specific expression of B-RAF V600E in mice cooperates with loss of phosphatase and tensin homolog (PTEN) or p16
INK4a to induce melanoma. 13, 14 Based on these preclinical data, inhibitors of mutant B-RAF have been investigated in the clinical setting.
In early studies, the RAF/receptor tyrosine kinase (RTK) inhibitor, sorafenib, failed to elicit clinical responses in melanoma and these trials were discontinued. 15 More recently, the RAF inhibitor PLX4032/vemurafenib has elicited strong clinical responses in mutant B-RAF melanoma patients. In phase 1-3 trials with PLX4032, 48-81% of mutant B-RAF harboring patients demonstrated partial or complete responses in the short term. [16] [17] [18] While PLX4032 gives strong palliative action, its long-term efficacy as a single agent is counteracted by the development of acquired resistance. PLX4032-treated patients gained on average 6-7 months of clincial benefit and most subsequently had tumor regrowth. 19 Similar acquired resistance has been experienced with imatinib and gefitinib and has been associated with reactivation of the drug target and/or its pathway. 20, 21 In many such cases, secondary mutations within the drug target that modify drug binding or permit target activation in the presence of drug have been associated with acquired resistance. By contrast, no secondary mutations have been identified, to date, in B-RAF inhibitor resistant tumors. 22 A critical issue moving forward is to understand the mechanisms of resistance to PLX4032 in order to better design future combinatorial trials in melanoma. Initial findings have suggested that mutation of N-RAS, expression of B-RAF splice variants, or upregulation of platelet-derived growth factor receptor beta (PDGFRb), insulin-like growth factor 1 receptor (IGF1R) or Cot1 is associated with acquired resistance to PLX4032 in subsets of melanoma patients. [22] [23] [24] [25] Clearly other mechanisms exist 22 and cell-based approaches can be used to identify alternative mechanisms of resistance for testing in the limited matched pretreatment, during treatment, and post treatment samples. Such approaches led to the identification of MET amplification in response to gefitinib 26 and IGF1R and Cot1 upregulation to compensate for RAF inhibition. 23 , 24 Here, we undertook an in-vitro approach to identify resistance mechanisms to PLX4032/ vemuafenib, using the tool compound PLX4720. We demonstrate that multiple mechanisms are involved in resistance to PLX4720, including ERK1/2 pathway reactivation and silencing of B-cell leukemia/lymphoma 2 (Bcl-2) homology domain 3 (BH3)-only protein expression.
Results
Prolonged culture of mutant B-RAF melanoma cells with PLX4720 leads to the development of resistance. The RAF inhibitor, PLX4032, elicits remarkable clinical effects in patients harboring mutant B-RAF 16, 27 ; however, its long-term clinical efficacy is being hampered by the development of acquired resistance. To model this acquired resistance, we cultured two mutant B-RAF melanoma cell lines, WM793 and M238, in the continued presence of 5 mM PLX4720. WM793 was derived from a vertical growth phase primary tumor 28 and M238 was from a skin metastasis.
29 PLX4720 is the tool analog of PLX4032 and elicits effects that are indistinguishable from PLX4032. [30] [31] [32] Initial treatment of mutant B-RAF melanoma cells with PLX4720 gave a cytostatic effect accompanied by cell death. However, long-term culture with PLX4720 led to the selection of cells that were capable of growth in the presence of up to 10 mM PLX4720 (Figure 1a) , although their growth rates were reduced when compared with the no drug growth condition (Figure 1b) . Notably, these cells, termed as WM793-Res and M238-Res, respectively, displayed larger cell size and elongated morphology (Figure 1c ).
Impaired ERK1/2 inactivation in PLX4720-resistant cells.
To understand the mechanism of acquired resistance, we initially examined the inhibitory effect of increasing doses of PLX4720 on the RAF-MEK-ERK1/2 signaling pathway in resistant cells compared with their parental counterparts. PLX4720 treatment of parental cells led to potent and durable inhibition of phospho-ERK1/2 and phospho-MEK levels (Figures 1d and e; Supplementary Figure 1 ). ERK1/2 pathway inhibition was accompanied by increased mobility of both B-RAF and C-RAF, consistent with a block in feedback phosphorylation. 33, 34 Interestingly, extended PLX4720 treatment (24-48 h) induced a weak rebound of phospho-ERK1/2 in WM793 cells, an observation consistent with others' findings. 35 This phospho-ERK1/2 rebound is not due to a quick turnover of the drug because drugs were replenished after 24 h. Resistant cells remained responsive to PLX4720 in terms of downregulating phospho-ERK1/2 and phospho-MEK levels (Figures 1d and e) . However, their inhibition by PLX4720 was less complete even at high dose (10 mM) and the phospho-ERK1/2 rebound was more pronounced in resistant cells compared with parental cells. Therefore, these resistant cells displayed an impaired inactivation of ERK1/2 in response to PLX4720. No apparent increase in the expression of any of the RAF isoenzymes (Figures 1d and e) or Cot1 (data not shown) was detected in resistant cells, arguing against a compensatory upregulation of these mitogen-activated protein kinase kinase kinases (MAP3Ks) in response to PLX4720.
N-RAS and MEK mutations have been identified in resistant tumor samples from a subset of melanoma patients treated with PLX4032 or AZD6244, respectively, and in cell culture, these mutations rendered ERK1/2 signaling non-responsive to RAF or MEK inhibitors. 22, 36, 37 Therefore, we sequenced exons that frequently harbor mutations in N-RAS, K-RAS, H-RAS, MEK1 and MEK2, from resistant cells but no mutations were identified in any of these genes (Supplementary Figure 2) . We then compared Ras GTPase activity between parental WM793 and WM793-Res cells using the mutant N-Ras Q61K cell line, Sbcl2, as a positive control. Whereas parental WM793 cells only showed low Ras activity, elevated Ras activity was observed in resistant cells (Figure 1f ). This moderate increase in Ras activity (in comparison with Sbcl2) correlates well with a partial reactivation of ERK signaling in resistant cells. In addition, Ras from resistant cells displayed similar migration characteristics on sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) as that in parental cells, consistent with its wildtype status as shown by DNA sequencing. The increased Ras activity could potentially result from enhanced signaling from upstream RTKs. Levels of tyrosine phosphorylated proteins were elevated in the resistant cells (Supplementary Figure 3) . Two RTKs, IGF1R and PDGFRb, have been previously implicated in acquired resistance to RAF inhibitors. 22, 23 Interestingly, we observed increased PDGFRb and decreased IGF1R expression in both resistant cell lines and their parental counterparts (Figure 1d ). To test whether PDGFRb has a role in ERK1/2 reactivation, we targeted PDGFRb signaling by imatinib treatment or PDGFRb small interfering ribonucleic acid (siRNA). Both approaches decreased PDGFRb phosphorylation but showed no effect on the residual phospho-ERK1/2 level in resistant cells (Supplementary Figures 3A and B) , suggesting that ERK1/2 reactivation is most likely PDGFRb independent. The major 125 KD tyrosine phosphorylated band that is elevated in WM793-Res cells likely represents focal adhesion kinase (FAK) since a similar pattern is observed with a phospho-FAK antibody (Supplementary Figure 3A) .
Resistant cells display recovery of G1-S cell-cycle events. To understand how resistant cells overcome PLX4720-induced growth arrest, we analyzed the cell-cycle profiles of parental and resistant cells treated with PLX4720 at three different doses (1, 5, and 10 mM) and times (8, 24 , and 48 h) (Figure 2 ). Short-term (8 h) treatment of parental cells with PLX4720 had little effect on the cell-cycle profile in WM793 cells but a moderate inhibitory effect in M238 cells (Figures 2a and c , left panels). Prolonged treatment with PLX4720 (24-48 h), however, led to strong reduction of S-phase cells and the accumulation of subG1 cells at all three doses in both WM793 and M238 cells (Figures 2a and c, middle and right panels). Therefore, PLX4720 treatment elicits a G1/S blockage accompanied by cell death. Given the similar cytostatic effects of various PLX4720 doses, we then analyzed the expression of G1/S proteins at 5 mM PLX4720, a dose at which the resistant cells were evolved. The cytostatic effects of PLX4720 were associated with changes in G1/S regulators including reduced expression of cyclin D1 and cyclin A, increased expression of p27 Kip1 , and decreased phosphorylation of retinoblastoma (RB) protein at S780 Figure 1d and analyzed for the expression of G1/S regulating proteins as indicated. Quantitation of phospho-RB bands (normalized against total RB) and p27
Kip1 bands (normalized against GAPDH) is shown below the corresponding blots. (f) Same as (e) except M238 and M238-Res cells were used signaling via ERK1/2 regulates proliferation and resistant cells retained a level of phospho-ERK1/2 in the presence of PLX4720, we further analyzed the role of ERK1/2 reactivation in the growth of resistant cells. ERK1/2 phosphorylation was also partially maintained in WM793-Res cells treated with another RAF inhibitor, GDC-0879 39 (Supplementary Figure 4A) , indicating cross-resistance to other RAF inhibitors. However, combined treatment of PLX4720 and an MEK inhibitor, AZD6244, reduced phospho-ERK1/2 staining in both WM793-Res and M238-Res cells to levels comparable to parental cells treated with PLX4720 alone (Figure 3a) . In addition, co-treatment of PLX4720 and AZD6244 of resistant cells was associated with inhibition of resistant cell growth in a dose-and time-dependent manner ( Figure 3b ) and reduced S-phase entry, as measured by 5-ethynyl-2 0 -deoxyuridine (EdU) incorporation, when compared with treatment with PLX4720 alone (Figure 3d ). Treatment of MEK inhibitor (AZD6244) alone also reduced the phospho-ERK1/2 level and S-phase entry when compared with dimethyl sulfoxide (DMSO) treatment, suggesting that the growth of resistant cells is still MEK dependent. However, the pathway inhibition by MEK inhibitor alone is not as complete as by the RAF/MEK inhibitor combination (Figure 3c) . Accordingly, the combination treatment more effectively inhibits cell growth and S-phase entry than MEK inhibitor alone (Figures 3d and e) . These data showed that the reactivated ERK1/2 signaling in PLX4720-treated resistant cells is required for the recovery of G1/S cell-cycle events.
Resistant cells exhibit altered expression of Bcl-2 family proteins. Prolonged RAF inhibition with PLX4720 also promotes apoptosis (Shao and Aplin; 40 Figure 2 ). Notably, while PLX4720 led to a time-and dose-dependent level of cell death in parental cells, it caused only marginal cell death in resistant cells. To understand this resistance to PLX4720-induced cytotoxicity, we compared the levels of Bcl-2 family proteins in between parental and resistant cells. We used 5 mM PLX4720, a dose at which a significant level of cell death was observed ( Figure 2 ) and at which our resistant cells were evolved. The anti-apoptotic proteins, myeloid cell leukemia sequence 1 (Mcl-1) and Bcl-2, showed similar expression profiles in response to PLX4720 treatment between parental cells and their resistant counterparts (Figure 4a ). The expression of B-cell lymphoma-extra large (Bcl-xl) was increased in WM793-Res cells, but not in M238-Res cells, and depletion of Bcl-xl failed to sensitize resistant cells to PLX4720 (Supplementary Figure 5) . Together, these data suggest that Bcl-xl is not a major determinant of resistance to apoptosis. We also observed changes in proapoptotic BH3-only proteins. Bcl-xL/Bcl-2-associated death promoter (Bad) and Noxa levels were elevated in resistant cells, which are unlikely to be responsible for cell death resistance. Notably, two BH3-only proteins, Bcl-2-interacting mediator of cell death-extra large (Bim-EL) and Bcl-2 modifying factor (Bmf) (analyzed by quantitative real-time polymerase chain reaction (qRT-PCR) due to lack of reliable antibody against endogenous Bmf) were upregulated in parental cells but not in resistant cells following PLX4720 treatment (Figures 4a and b) . The upregulation of Bim-EL and Bmf by PLX4720 treatment was mirrored in multiple B-RAF V600E melanoma cell lines (Supplementary Figure 6 ) and is required for PLX4720-induced apoptosis since knockdown of these two proteins conferred resistance to cell death (Supplementary Figure 7 and Shao and Aplin 40 ). Expression of Bim-EL and/or Bmf renders resistant cells susceptible to apoptosis. To examine whether the loss of Bim-EL and Bmf expression in resistant cells underlies the resistance to PLX4720-induced apoptosis, we tested the extent to which Bim-EL and/or Bmf expression was sufficient to induce apoptosis in WM793-and M238-resistant cell lines. We infected resistant cells with adenoviruses to express Bim-EL, Bmf, Noxa (an alternative BH3-only protein) or enhanced green fluorescence protein (eGFP), as a control (Figures 5a  and b, left panels) . Ectopic expression of Bim-EL or Bmf significantly increased cell death in both WM793-Res and M238-Res cells, while expression of eGFP or Noxa showed little effect (Figures 5a and b, right panels) . The expression level of exogenous Bim-EL was comparable to PLX4720-induced endogenous Bim-EL level in parental cells (Supplementary Figure 8) . Therefore, the cell death observed is not simply due overexpression of BH3-only proteins. These results indicate that Bim-EL and Bmf are sufficient for apoptosis in RAF inhibitor-resistant cells.
ERK1/2 reactivation does not account for the loss of BH3-only protein upregulation and apoptosis resistance in resistant cells. ERK1/2 signaling regulates both Bim-EL and Bmf 40, 41 ; therefore, we examined whether the partial ERK1/2 reactivation observed in resistant cells represses these BH3-only proteins and confers apoptosis resistance. Parental cells were susceptible to relatively high doses of PLX4720 (5 mM), which was associated with upregulation of Bim-EL and Bmf at the protein and RNA level (Figures 6a-d) . Bim-EL also displays faster migration due to loss of ERK1/2 phosphorylation, which regulates its turnover. 42 Resistant cells displayed much lower annexin-V staining at the same concentration of PLX4720 (Figure 6a ) and the levels of Bim-EL and Bmf were greatly reduced in resistant cells versus their parental cells (Figures 6b-d) . Most importantly, elimination of phospho-ERK1/2 by combined treatment with PLX4720 and AZD6244 (both at 5 mM) only slightly enhanced apoptosis in resistant cells (Figure 6a and Bmf (Figures 6b-d) . These data indicated that repression of Bim-EL and Bmf in resistant cells involves a mechanism that is largely independent of MEK-ERK1/2 signaling.
Bim-EL and Bmf gene silencing is not due to promoter DNA methylation. Promoter methylation is one common mechanism for gene silencing. Both Bim and Bmf promoter regions contain CpG islands. In Burkitt lymphoma, epigenetic silencing of Bim by promoter hypermethylation contributes to chemoresistance. 43 To determine whether Bim and Bmf genes are repressed by a similar mechanism in resistant cells, we performed bisulfite DNA sequencing analysis on the promoter regions of Bim and Bmf genes in both parental and WM793-Res cells. CpG methylation was readily detected in the Bim promoter and positions of methylated CpG dinucleotides were identical in both parental and resistant cells (Supplementary Figure 9A) . In addition, treatment of WM793-Res cells with 5-azacytidine failed to upregulate Bim-EL (Supplementary Figure 9B) . By contrast, no CpG methylation was detected in a Bmf promoter region spanning 32 CpG dinucleotides in both parental and resistant cells (Supplementary Figure 9C) . Overall, these data suggest that Bim and Bmf gene silencing is unlikely to occur through promoter DNA methylation.
The histone deacetylase inhibitor, suberoylanilide hydroxamic acid, de-represses Bim-EL expression, sensitizes resistant cells to PLX4720/AZD6244 treatment, and inhibits the emergence of PLX4720-resistant cells. Epigenetic chromatin modification is another frequent mechanism of gene repression. Zhang et al. 44, 45 have shown that HDAC inhibitors enhance cell death in a panel of adenocarcinoma and squamous cell carcinoma cell lines by increasing the expression of Bim-EL and Bmf proteins. Therefore, we asked whether histone deacetylase (HDAC) inhibition would de-repress Bim-EL and/or Bmf in resistant cells. Interestingly, treatment of the HDAC inhibitor, suberoylanilide hydroxamic acid (SAHA), increased Bim-EL mRNA and protein levels (Figures 7a and b; Supplementary  Figure 10A ), although Bmf mRNA levels remained unchanged (data not shown). In addition, SAHA treatment sensitized the resistant cells to PLX4720 or AZD6244 (Figure 7c ). This sensitization occurred in a Bim-ELdependent manner because depletion of Bim-EL partially rescued cell death in WM793-Res cells (Figures 7d and e) . Importantly, co-treatment of SAHA and PLX4720 strongly inhibited the emergence of PLX4720-resistant colonies in a long-term survival assay (Figure 7f ; Supplementary Figure 10B ).
Discussion
The RAF inhibitor, PLX4032/vemurafenib, has achieved striking response rates in clinical trials in mutant B-RAF V600 patients, indicating both cytostatic and cytotoxic effects of this inhibitor. Despite this promise, the long-term clinical efficacy of PLX4032 is hampered by the emergence of resistance. Recent studies have demonstrated that ERK1/2 reactivation is a common mechanism for PLX4032 resistance in B-RAF V600E melanoma cells. 22, 24, 25 We developed in-vitro cell line models of acquired resistance to PLX4720, the tool compound of PLX4032. Using these models, we show that resistance to the cytostatic action of PLX4720 is dependent on ERK1/2 signaling reactivation, while resistance to cytotoxic action is ERK1/2 signaling independent and involves silencing of two BH3-only proteins, Bim-EL and Bmf. These findings underscore the importance of ERK1/2 pathway reactivation and provide further support for concomitant treatment of RAF and MEK inhibitors to inhibit ERK1/2 reactivation and overcome the resistance to cell-cycle arrest. Notably, Bollag et al. have suggested that regression of melanoma tumors requires over 80% inhibition of ERK1/2 activation. 16, 27 Our findings also support the further investigation of BH3-mimetic compounds or other therapeutic strategies to restore Bim-EL and Bmf expression in order to overcome cytotoxic resistance to PLX4032.
Our data show that ERK1/2 reactivation is required for resistant cells to overcome growth arrest induced by RAF inhibitor treatment. The lack of upregulation of RAF isoforms and mutations in RAS and MEK1/2 argue against these mechanisms being responsible for the ERK1/2 reactivation signal in this model. 36, 46 Another possibility is that resistant cells dynamically switch utilization of RAF isoforms to escape pathway inhibition by PLX4720. 23 This is especially relevant in the context of the elevated Ras activity observed in resistant Figures 3A and 4B) ; whereas individual knockdown of RAF isoforms did not dramatically decrease ERK1/2 reactivation (Supplementary Figure 4C) . Alternatively, expression of the negative feedback effectors of the ERK1/2 pathway may be lost so that Ras is hyperactivated and promotes resistance to PLX4720. 47 Consistent with the latter possibility, Sprouty2, a negative regulator of Ras/ERK1/2 pathway, 48 is downregulated (Supplementary Figure 4D ) and Ras activity is moderately increased in resistant cells (Figure 1f ). The enhanced Ras activity might also result from an upregulation of upstream RTKs such as PDGFRb (Figures  1d and e) . However, depletion of PDGFRb or treatment of imatinib in resistant cells had little effect on phospho-ERK1/2 levels. Therefore, the basis for reactivation of the ERK1/2 axis in these cells requires more experimental validation. Interestingly, the expression of IGF1R, an RTK that has been implicated in acquired resistance to other RAF inhibitors, 23 was downregulated in both resistant lines. It is possible that the role of IGF1R for resistance development may be replaced by other RTKs and is therefore no longer required.
In addition to cell-cycle arrest bypass, another characteristic of resistant cells is resistance to apoptosis. ERK1/2 signaling modulates apoptotic events through regulation of Bcl-2 family proteins in melanoma cells. 49 We have shown that apoptosis resistance is due to the silencing of two BH3-only proteins, Bim-EL and Bmf, via a mechanism which is largely independent of ERK1/2 reactivation. Our results from bisulfite sequencing analysis of the Bim-EL and Bmf promoters and 5-azacytidine treatment argue against promoter methylation being sufficient to explain the silencing of Bim-EL and Bmf and, hence, resistance to PLX4720. Downregulation of transcription activators may also account for the silencing of Bim-EL and Bmf genes. The forkhead transcription factors, Forkhead box O1 (FoxO1) and forkhead box O3a (FoxO3a), are known to control the expression of Bim 50 and their upregulation in response to RAF and MEK inhibitors was impaired in WM793-Res cells (Supplementary Figure 11A) . However, depletion of FoxO1 or FoxO3a in parental cells failed to repress the induction of Bim-EL by PLX4720 treatment in melanoma cells (Supplementary Figure 11B) , arguing against a role for these forkhead proteins in regulating Bim-EL in this system.
Chromatin modifications such as histone acetylation/ deacetylation also have important roles in gene regulation. Deacetylated histones usually associate with condensed chromatin structures and recruitment of transcriptional repression machinery. Cancer cells display altered epigenomes 51 and the role of HDACs in the development of cancers such as myeloid leukemia has been well characterized. 52, 53 Recent studies from Settleman et al. showed that a reversible drug-tolerant state in cancer cells is also associated with chromatin modification and treatment of HDAC inhibitors relinquishes drug tolerance. 54 Notably, treatment of resistant cells with SAHA restored PLX4720 induction of Bim-EL but not of Bmf. Furthermore, SAHA enhanced apoptosis in resistant cells cultured with PLX4720 or AZD6244 and reduced the number of PLX4720-resistant colonies in a long-term drug treatment experiment. These results suggest that epigenetic chromatin remodeling may be implicated in Bim-EL repression and, therefore, contribute to PLX4720 resistance. The mechanism of Bim de-repression by SAHA in our resistant cells is still unknown. Recent studies have shown that SAHA may activate Bim transcription by increasing acetylation of histone H3 or H4 in the promoter region. 55, 56 In line with this notion, the histone H4 acetylation within a Bim promoter region proximal to the start codon decreased in the resistant cells when compared with its parental counterpart Figure 11C) . However, whether these changes of histone H4 acetylation in resistant cells are directly involved in Bim activation by SAHA requires further study.
It is becoming apparent that resistance of melanomas to RAF inhibitors involves multiple mechanisms and that the interplay between these mechanisms warrants extensive investigation. Our work presented herein shows the presence of bifurcated resistance mechanisms to the RAF inhibitor, PLX4720. Resistance to the cytostatic effect of the inhibitor stems from reactivation of ERK1/2 signaling, whereas resistance to the cytotoxic action of the drug is due to repression of BH3-only proteins. Furthermore, a combinational treatment of MEK and HDAC inhibitors may provide clinical benefits for PLX4032-resistant patients.
Materials and Methods Inhibitors. PLX4720 was kindly provided by Dr Gideon Bollag (Plexxikon Inc., Berkeley, CA, USA) and stock solutions were dissolved in DMSO. AZD6244, sorafenib, GDC-0879, and SAHA were purchased from Selleck Chemicals LLC (Houston, TX, USA). 5-Azacytidine was purchased from Sigma-Aldrich (St. Louis, MO, USA). MTT cell growth assay. Melanoma cells were continuously grown in the aforementioned medium in the presence/absence of inhibitors for the indicated period of time. Medium and drugs were replenished every 2 days. Relative cell numbers were measured every 3 days by incubating cells with 0.5 mg/ml 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) followed by optical density (OD) reading. OD readings were normalized against that of no-treatment group. Mean readings from three independent experiments were plotted for each time point.
Immunofluorescence. Parental and resistant cells were plated on glass coverslips. Cells were briefly washed with PBS, fixed with 3.7% paraformaldehyde for 20 min, and permeabilized with 0.2% Triton X-100 for 5 min. Coverslips were then incubated with tetramethylrhodamine B isothiocyanate (TRITC)-conjugated phalloidin (Sigma-Aldrich) diluted 1 : 2000 in 1% BSA/PBS for 1 h to visualize F-actin. Coverslips were mounted and viewed on a Nikon Eclipse Ti microscope (Melville, NY, USA) equipped with a Cool SNAP ES 2 camera (Melville, NY, USA). Images were acquired using NIS Elements AR software (Nikon, Melville, NY, USA).
Western blotting. Western blotting was performed as previously described. 40 Immunoreactivity was detected using peroxidase-conjugated secondary antibodies and chemiluminescence substrate (Pierce, Rockford, IL, USA). Chemiluminescence was detected using a Versadoc Imaging system (Bio-Rad, Hercules, CA, USA).
Antibodies. The following antibodies were purchased from Cell Signaling Technology (Beverley, MA, USA): Akt (#9227), phospho-Akt (Ser473, #9271), Bad (#9292), Bak (#3792), Bax (#2772), Bcl-xL (#2762), phospho-ERK1/2 (Thr202/ Tyr204, #4377), MEK1 (#9124), phospho-MEK1 (#9121), PUMA (#4976), Rb (#3909), phospho-RB (Ser780, #9307) and GAPDH (#2118). A-RAF (sc-407), B-RAF (sc-5284), C-RAF/RAF-1 (sc-133), cyclin A (sc-751) and ERK1/2 (sc-094) antibodies were purchased from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA, USA). Bcl-2 (clone 4D7), cyclin D1 (#556470), Mcl-1 (#559027), and p27
Kip1
(clone 57) were obtained from BD Transduction (San Jose, CA, USA). Anti-actin (#A2066) was purchased from Sigma-Aldrich. Anti-Bim (#AAP-330) was from Stressgen (San Diego, CA, USA). Noxa antibody (OP180) was obtained from Calbiochem/EMD4 Biosciences (Gibbstown, NJ, USA).
Quantitative RT-PCR. Total RNA was extracted from melanoma cells and reverse transcribed, as previously described. 40 The primers used were Bmf (forward, 5 0 -gaggtacagattgcccgaaag-3 0 ; reverse, 5 0 -ttcaaagcaaggttgtgca-3 0 ) and actin (forward, 5 0 -tggaccaccaactgcttag-3 0 ; reverse, 5 0 -gatgcagggatgatgttc-3 0 ). Reactions were performed with SYBR Green using the MyiQ real-time PCR detection system (Bio-Rad). Relative mRNA levels were calculated using the comparative Ct (DCt) method. 57 Quantitation of mRNA levels represents data from three independent experiments.
Annexin-V staining. Cells were trypsinized, washed in PBS and resuspended in 100 ml binding buffer. 40 Next, cells were stained with 5 ml annexin V-APC (BD Biosciences) for 15 min before the addition of 400 ml binding buffer. Staining was measured by flow cytometry on a FACSCalibur (BD Biosciences) in the KCC Flow cytometry shared resource facility. Data were analyzed using Flowjo software (Three Star, Inc., Ashland, OR, USA).
EdU incorporation assay. WM793-Res cells were treated with DMSO, 5 mM PLX4720, or 5 mM PLX4720 plus 5 mM AZD6244 for 24 h before the addition of 10 mM EdU for another 16 h. Cells were then processed using the Click-iT EdU Alexa Fluor 647 Flow Cytometry Assay kit (Invitrogen, Eugene, OR, USA) for flow cytometry analysis.
Crystal violet staining. Cells grown on 6 cm dishes were washed in PBS twice and stained with crystal violet solution (1% crystal violet, 10% buffered formalin) for 15 min. After decanting the staining solution, cells were thoroughly washed in distilled water three times and air dried before taking pictures.
Ras pull-down assay. Cells were treated with 5 mM PLX4720 for indicated period of time before lysis. Active Ras-GTP was pulled down from whole cell lysates by using the Active Ras pull-down and detection kit (Thermo Scientific, Rockford, IL, USA) following manufacturer's guidance and detected by western blot.
